ABSTRACT The Colorado potato beetle (Leptinotarsa decemlineata (Say)) in the north Xinjiang Uygur autonomous region has evolved resistance to various types of insecticides. Chlorantraniliprole is a novel anthranilic diamide insecticide that binds and activates ryanodine receptors. It exhibited excellent efÞcacy against L. decemlineata in several Þeld trails in Europe. In the present paper, the susceptibility of L. decemlineata fourth-instar larvae derived from six Þeld populations and L. decemlineata adults derived from three Þeld populations to chlorantraniliprole was determined by a topical application. The fourth-instar larvae were substantially more susceptible to chlorantraniliprole than adults, although the range of susceptibility was far greater among the fourth-instar larvae. Regarding stomach toxicities, adult beetles were less susceptible to chlorantraniliprole than larvae. Chlorantraniliprole was most toxic to second-instar larvae, followed by third-and fourth-instar larvae. These data suggested that the appropriate timing for chlorantraniliprole spraying is the early larval stage. Moreover, the synergistic activities of chlorantraniliprole in combination with triphenyl phosphate, diethyl maleate, or piperonyl butoxide against fourth-instar larvae from two Þeld populations and adults from one Þeld population were tested. Piperonyl butoxide had synergistic effects with chlorantraniliprole against fourth-instar larvae but not against adult beetles. Conversely, triphenyl phosphate and diethyl maleate exerted little synergistic effects. It appears that there is a potential risk of resistance against chlorantraniliprole resulting from cytochrome P450 monooxygenase activity.
The Colorado potato beetle (Leptinotarsa decemlineata (Say)) is a notorious defoliator of potato throughout the world. The beetle is widely distributed throughout most of the northern Xinjiang Uygur autonomous region in current, and it often causes extremely large yield losses of potato, a single-season crop grown from May to August or September in the Xinjiang Uygur autonomous region in China. Spraying chemical insecticides has become the standard control measure. The beetle has developed resistance to nearly all classes of insecticides (Alyokhin et al. 2008) . In Xinjiang, for example, some Þeld populations show high levels of resistance to pyrethroids such as cyhalothrin and deltamethrin, and carbamates such as carbofuran and carbosulfan (Jiang et al. 2010a (Jiang et al. , 2010c Wang et al. 2010b; Xiong et al. 2010) . Mutations resulting in target site insensitivity, namely S291G in AChE and L1014 F in LdVssc1, confer, at least partially, resistance to carbamates and pyrethroids, respectively, in Xinjiang (Jiang et al. 2011) , as well as in other countries around the world (Ioannidis et al. 1992 , Wierenga and Hollingworth 1993 , Stanković et al. 2004 , Zichová et al. 2010 . To efÞciently control L. decemlineata and successfully manage insecticide resistance, novel insecticides with different modes of action should be sprayed alternately in rotation.
Chlorantraniliprole is being used worldwide for a broad range of crops to control a number of pests belonging to Lepidoptera (Bassi et al. 2009 , Dong et al. 2009 , Ioriatti et al. 2009 , Cao et al. 2010 , Chen et al. 2010 , Jones et al. 2010 , Coleoptera (Bassi et al. 2008 (Bassi et al. , 2009 Koppenhö fer and Fuzy 2008; Kuhar et al. 2008) , Diptera (Teixeira et al. 2009 ), Isoptera (Yeoh and Lee 2007, Spomer et al. 2009 ), and Hemiptera (Dhawan et al. 2009 , Lahm et al. 2009 ) because of its very low acute and chronic toxicity in mammals and minimal impact on pollinatory, predatory, and other beneÞcial arthropods and nonarthropod organisms such as earthworms and soil microorganisms (Bassi et al. 2009 , Preetha et al. 2009 , Gradish et al. 2010 . By activating insect ryanodine receptors, chlorantraniliprole stimulates the release and depletion of intracellular calcium stores from the sarcoplasmic reticulum of muscle cells, causing impaired muscle regulation and paralysis (Cordova et al. 2006) . Consequently, chlorantraniliprole provides rapid plant protection through feeding cessation in the target pest soon after consumption (Hirooka et al. 2007 ) and eventual death because of starvation within 1Ð3 d after exposure by ingestion or contact (Lahm et al. 2009 ). Moreover, chlorantraniliprole has been found to have signiÞcant ovicidal activity in some lepidopteran pests (Ioriatti et al. 2009 , Lahm et al. 2009 ) and reduce the mating proportion of Cydia pomonella (L.) females at sublethal concentrations (Knight and Flexner 2007) .
It has been documented that an L. decemlineata larva consumes an average of 40 cm 2 of potato leaves before it pupates (Ferro et al. 1985 and nearly 10 cm 2 of foliage more per day as an adult (Ferro et al. 1985) , demonstrating that both larval and adult stages are harmful to crops. Field trails revealed that chlorantraniliprole provided excellent control of L. decemlineata larvae and adults for up to 22 d after a foliar application (Bassi et al. 2008 , Kuhar et al. 2008 ). Therefore, chlorantraniliprole should be an excellent selection for the efÞcient control of L. decemlineata in north Xinjiang.
Before chlorantraniliprole is used on a commercial scale, a series of laboratory bioassays should be performed to establish baselines for comparisons to currently available insecticides, for future resistance monitoring, and for testing its efÞcacy against different developmental stages of L. decemlineata for appropriate application timing. Moreover, because chlorantraniliprole is active against chewing pest insects primarily via ingestion and secondarily via contact (Lahm et al. 2007 (Lahm et al. , 2009 , the stomach and contact toxicities of chlorantraniliprole in L. decemlineata should also be evaluated. These are the objectives of this study.
Up to now, chlorantraniliprole has not been found to exhibit cross-resistance with other commercial insecticides (Lahm et al. 2009 , Cao et al. 2010 ). However, it was found that esterase activity was signiÞcantly increased in chlorantraniliprole-resistant strains of Choristoneura rosaceana (Harris) (Sial et al. 2011) . Moreover, esterase and glutathione S-transferase activities in Cry1Ac-susceptible and resistant populations of Helicoverpa armigera (Hü bner) were induced by chlorantraniliprole (Cao et al. 2010 ). These results indicate that common metabolic enzymes may be involved in chlorantraniliprole detoxiÞcation. In the present paper, therefore, the involvement of esterases, glutathione S-transferases, and cytochrome P450 monooxygenases in chlorantraniliprole metabolism was also investigated by testing the synergistic effects of their inhibitors, triphenyl phosphate (TPP), diethyl maleate (DEM), and piperonyl butoxide (PBO), respectively, on chlorantraniliprole toxicity.
Materials and Methods
Insects and Chemicals. Overwintered adult beetles from Urumqi (43.71 N, 87.39 E) and Changji (43.87 N, 87.25 E) cities, and Qitai (44.03 N, 89.56 E), Qapqal (43.81 N, 81.20 E) , Nilka (43.79 N, 82.50 E), and Tekes (43.23 N, 81 .82 E) counties were collected from potato Þelds. Sampled locations were usually chosen at random in the study areas. Adults were routinely reared in an insectary at 28 Ϯ 1ЊC under a 16 h:8 h L:D photoperiod and 50 Ð 60% RH using fresh potato foliage as food. The Þrst-generation larvae at different instars and adults at least 7 d after emergence from the pupa were used in the experiments.
Chlorantraniliprole (95% powder) was purchased from Nanjing Aijin Chemical Group Limited Company (Jiangsu, China), and 200 g/L Ϫ1 chlorantraniliprole SC (Rynaxypyr) was obtained from American DuPont Crop Protection (Wilmington, DE). TPP was obtained from Beijing Chemical Reagent Co. (Jiangsu, China). DEM was kindly provided by Shanghai Chemical Reagent Co. (Shanghai, China). PBO was acquired from Sigma (St. Louis, MO). Acetone was obtained from Nanjing Chemical Reagent Co., Ltd. (Jiangsu, China). All reagents were analytical grade. These chemicals were stored in a refrigerator between the experimental sessions.
Topical Bioassay. A topical application was used to assess the contact toxicity of chlorantraniliprole in L. decemlineata fourth-instar larvae and adults. Chlorantraniliprole was dissolved in analytical-grade acetone, and at least Þve concentrations within a mortality range of Ϸ0 Ð100% based on preliminary assays were used. Three to Þve replicates of 10 larvae per replicate were treated individually with 0.22 l of insecticide solution, which was applied to the dorsal abdominal segment by using a 10-l microsyringe connected to a microapplicator (Hamilton Company, Reno, NV). Similarly, three to Þve replicates of 10 adults per replicate were treated individually with 1.1 l of insecticide solution, which was applied to the ventral area of the abdomen by using a 50-l microsyringe. Each control larva or adult received 0.22 or 1.1 l of acetone. Control mortality was typically Ͻ10%.
The synergistic effects of TPP, DEM, and PBO on chlorantraniliprole toxicity were estimated. TPP, DEM, and PBO were dissolved in analytical-grade acetone and applied individually to the fourth dorsal abdominal segment of fourth-instar larvae or ventral areas of the abdomen of adults 1 h before insecticide application at a dose of 5 g per fourth-instar larva or 10 g per adult, doses having no obvious inßuence on the larvae or adults in a preliminary test. Acetone was applied as a blank.
After treatment, the test insects were placed in petri dishes (9 cm in diameter and 1.5 cm in height) containing fresh potato leaves and kept under environmental conditions outlined for beetle rearing.
Ingestion Bioassay. A leaf dip method was adopted for the ingestion bioassay to evaluate the stomach toxicity of chlorantraniliprole in the larvae and adults of L. decemlineata. Five to nine concentrations of chlorantraniliprole within a mortality range of Ϸ0Ð 100% based on preliminary assays were prepared from serial dilutions with distilled water. Fresh potato leaves were individually dipped into one of the solutions for 5 s, removed, and dried for 2 h under airßow on Þlter paper. The treated leaves were then placed in petri dishes (9 cm in diameter and 1.5 cm in height). Ten larvae or adults were transferred to each dish. Distilled water was applied as a blank control. All treatments were replicated three to Þve times. After treatment, the petri dishes were kept under environmental conditions outlined for beetle rearing.
Data Analysis. Mortalities were assessed 5 d after treatment. The treated larvae were considered dead if they could not move their legs and body after one leg was touched with a Þne needle, and the treated adults were considered dead if they were unable to right themselves or walk a distance equal to their own body length when disturbed with a Þne needle (Sharif et al. 2007 ). AbbottÕs formula was used to correct the data for control mortality. Probit analysis was used to estimate the doses needed to cause 50% mortality (LD 50 or LC 50 ), their Þducial limits, and the slope of the line relating probit mortality to the log dose using Polo Plus logit probit software (LeOra Software Company, Petaluma, CA).
Relative susceptible index was determined by dividing the LD 50 value of the Tekes population, a reference population for chlorantraniliprole with the corresponding LD 50 value of each population. Relative toxicity index was determined by dividing the LC 50 value of each instar larval population for chlorantraniliprole with the corresponding LC 50 value of adults. In addition, synergism ratio was calculated by dividing the LD 50 value of unsynergized treatment with the LD 50 value of synergized treatment.
Results
Susceptibilities to Chlorantraniliprole by the Topical Application. Chlorantraniliprole susceptibilities of the fourth-instar larvae derived from six Þeld populations and the adults derived from three Þeld populations in the north Xinjiang Uygur autonomous region were investigated by the topical application to elucidate the contact toxicity in the beetles. The average LD 50 values for the fourth-instar larvae and adults were 0.0210 and 0.1734 g per individual, respectively. The larvae were 8.2-fold more sensitive to chlorantraniliprole than the adults (Table 1) .
The relative susceptible indices ranged from 0.9 to 4.4 for fourth-instar larval populations. Based on the nonoverlapping 95% Þducial limits of LD 50 values and relative susceptible indices, larvae obtained from Changji, Qitai, and Urumqi were slightly but signiÞ-cantly less susceptible to chlorantraniliprole than those obtained from Tekes, Nilka, and Qapqal (Table  1 ). The susceptibilities of the adults derived from three separate Þeld populations were similar, with relative susceptible indices ranging from 0.5 to 1.0 (Table 1) .
Susceptibility to Chlorantraniliprole Determined by the Leaf Dip Method. The susceptibilities of L. decemlineata second-, third-and fourth-instar larvae and adults from Tekes were evaluated by the leaf dip method to determine the stomach toxicity of chlorantraniliprole. Chlorantraniliprole was most toxic to second-instar larvae, followed by third-and fourth-instar larvae, and it was least toxic to adults, with relative toxicity indices of 67.5, 26.3, 7.5, and 1.0, respectively ( Table 2) .
Synergism of Enzyme Inhibitors With Chlorantraniliprole. The synergistic activities of TPP, DEM, and PBO with chlorantraniliprole against L. decemlineata fourth-instar larvae and adults were tested. PBO had signiÞcant synergistic effects on chlorantraniliprole toxicities in Tekes and Nilka fourth-instar larval populations, with synergism ratios of 9.3 and 8.3, respectively. By contrast, PBO exhibited little synergistic effects in the Qapqal adult population. Conversely, TPP and DEM exerted little synergistic effects with chlorantraniliprole against L. decemlineata fourth-instar larvae and adults (Table 3) .
Discussion
Up to now, published information on the efÞcacy of chlorantraniliprole on L. decemlineata is limited to Þeld trails (Bassi et al. 2008 , Kuhar et al. 2008 . In the present paper, we found that the contact toxicities of chlorantraniliprole to fourth-instar larvae and adults were among the lowest ever estimated using the same topical bioassay (Jiang et al. 2010a (Jiang et al. , 2010c (Jiang et al. , 2011 . Because chlorantraniliprole is active primarily via ingestion and secondarily via contact on the insect species tested (Ioriatti et al. 2009 , Lahm et al. 2009 ), the data from the topical bioassay underestimate the total toxicities of chlorantraniliprole in L. decemlineata. Regardless, our results still afÞrmed that chlorantraniliprole is useful for L. decemlineata control. Consistent with our results, Þeld experiments revealed that chlorantraniliprole had excellent control efÞcacy against L. decemlineata (Bassi et al. 2008 (Bassi et al. , 2009 Kuhar et al. 2008) .
The LD 50 value of chlorantraniliprole for contact toxicity in fourth-instar larvae was 8.2-fold lower than that in adults. Moreover, chlorantraniliprole in ingestion bioassays was most toxic to second-instar larvae, followed by third-and fourth-instar larvae, and it was least toxic to adults. These data indicate the adults are least vulnerable to chlorantraniliprole among the developmental stages tested. Therefore, for optimal results, chlorantraniliprole should be applied to early larval-stage beetles.
In the present paper, the chlorantraniliprole susceptibilities of fourth-instar larvae derived from six Þeld populations and adults from three Þeld populations in the north Xinjiang Uygur autonomous region were slightly but signiÞcantly different based on the nonoverlapping 95% Þducial limits of LD 50 values and relative susceptible indices, with larvae from Changji, Qitai, and Urumqi being less susceptible than those from Tekes, Nilka, and Qapqal. Among the three less susceptible populations, the Changji population exhibits moderate to very high resistance to cyhalothrin, ␣-cypermethrin, and deltamethrin and low to moderate resistance to carbofuran and carbosulfan. In contrast, the Qitai and Urumqi populations remain susceptible to these insecticides. Among the three susceptible populations, the Nilka population exhibits moderate resistance to cyhalothrin and deltamethrin, low resistance to carbofuran, and high resistance to carbosulfan; the Qapqal population exhibits moderate resistance to cyhalothrin, deltamethrin, and carbofuran. By contrast, the Tekes population remains susceptible to these insecticides (Jiang et al. 2010a (Jiang et al. , 2010c (Jiang et al. , 2011 . These data indicated that the differences to chlorantraniliprole susceptibility among the L. decemlineata Þeld populations did not result from crossresistance to tested insecticides. Similarly, compared with a susceptible laboratory population, the relative susceptibility indices for chlorantraniliprole among Choristoneura rosaceana (Harris) neonates from nine orchards in the United States of America varied from 1.2 to 5.3 , and those among Plutella xylostella (L.) larvae from 16 counties in China varied from 1.0 to 5.0 ). The occurrence of low but signiÞcant levels of resistance against chlorantraniliprole in Þeld-collected populations in various insect species before its Þrst Þeld application indicates that the risk of resistance evolution exists against this insecticide.
Our synergism assay revealed that PBO signiÞcantly increased the effectiveness of chlorantraniliprole in the Tekes and Nilka larva populations. Conversely, PBO exhibited little synergistic effects in the Qapqal adult population. These results suggested that P450 monooxygenase(s) may be involved in the detoxiÞ-cation of chlorantraniliprole in L. decemlineata larvae and may be a potential mechanism of resistance to chlorantraniliprole. Consistent with our results, synergism assays revealed that metabolic enzymes may be involved in chlorantraniliprole detoxiÞcation in the susceptible P. xylostella Roth strain .
Conversely, TPP and DEM exerted little synergistic effects on chlorantraniliprole toxicity in L. decemlineata fourth-instar larvae and adults. These results indicated that glutathione S-transferases and esterases are not important to chlorantraniliprole detoxiÞca-tion. In contrast, a C. rosaceana chlorantraniliproleresistant strain exhibited elevated esterase activity (Sial et al. 2011) , indicative of the possible involve- In animals such as goat, the metabolism of chlorantraniliprole involves hydroxylation of the N-methyl group or tolyl methyl group, cyclization with the loss of water to a quinazolinone derivative, and N-demethylation (Gaddamidi et al. 2011) . If similar metabolic routes are followed in insects, glutathione S-transferases and esterases may be involved. Further research will shed light on this issue.
In conclusion, chlorantraniliprole is an excellent selection for the efÞcient control of L. decemlineata. However, a potential risk of resistance resulting from cytochrome P450 monooxygenase(s) exists.
